Reactive oxygen species (ROS) arising from intrauterine redox reactions play a dual role in reproductive tissues, specifically, uterine tissue remodeling during pregnancy when ROS are balanced and promoting parturition when there is a redox imbalance. The intrauterine oxidative status changes during various stages of gestation; it is mostly hypoxic during the first and third trimester, but it becomes hyperoxic during the second trimester and at term.
| INTRODUC TI ON
Reactive oxygen species (ROS) arising from intrauterine redox reactions play a dual role in reproductive tissues, specifically, uterine tissue remodeling during pregnancy when ROS are balanced and promoting parturition when there is a redox imbalance. The intrauterine oxidative status changes during various stages of gestation; it is mostly hypoxic during the first and third trimester, but it becomes hyperoxic during the second trimester and at term. 1, 2 Reactive oxygen molecules generated from oxido-reductive reactions are essential for fetal and placental tissue growth and pregnancy maintenance.
Recent studies have shown that increased oxidative stress is essential to trigger labor and delivery at term. 3 Premature activation of oxidative stress during gestational periods can lead to adverse pregnancy events, like stillbirth, intrauterine growth restriction, preeclampsia, premature rupture of chorioamniotic membranes, and spontaneous preterm delivery. Excessive oxidative stress, if not balanced or controlled by uterine tissue antioxidant mechanisms, can damage cells and cellular organelles. Oxidative stress-induced damage generates mechanistic pathways that trigger parturition either at term or prematurely at preterm. Understanding these mechanistic mediators and pathways is critical in preventing adverse pregnancy events.
One of the responders to oxidative stress damage is p38 mitogen-activated protein kinase (MAPK), which can trigger a variety of events in various tissues. Recent findings suggest that regulating p38 MAPK activation and its downstream pathologic effects may be beneficial in reducing the incidence of adverse pregnancies. 4 However, a consensus has not emerged, and experimental evidence is still lacking to point to p38 MAPK as the molecule to regulate during pregnancy to avoid adverse events, partly because p38 MAPK can also function as a tissue remodeler through various pathways during pregnancy. Several reports have provided various functional roles for p38 MAPK in reproductive tissues at various stages of reproductive events [5] [6] [7] ; however, its origin, its mode of expression, signals that cause its induction and activation, and its specific role in various reproductive tissues are yet to emerge.
The family of MAP kinases has highly conserved regulation and function. There are 3 well-characterized subfamilies of MAPKs in mammals: the extracellular signal-regulated kinases (ERKs), the cJun NH2-terminal kinases (JNKs), and the p38 MAPKs. It has been demonstrated that targeted disruption of the p38 MAPK gene is embryonically lethal, 8 indicating the function of p38 during embryogenesis is nonredundant, which is significantly different than JNK or ERK genes in which disruption is not lethal. 9 The p38
MAPK pathway has been implicated in various cellular responses
controlling cell proliferation, differentiation, apoptosis, embryogenesis, inflammatory responses, and stress responses in human reproductive tissues. 7, 10 p38 MAPK is activated by most environmental stresses, such as oxidative stress, and proinflammatory cytokines, including interleukin 1 (IL-1) and tumour necrosis factor α (TNF−α); yet, the functional role of p38 MAPK is cell-, tissue-, and stimulant-dependent. [11] [12] [13] Recently, we reported that activation of the p38 MAPK pathway by oxidative stress in human fetal membrane tissues causes cellular senescence and sterile inflammation, which are postulated to trigger parturition. [14] [15] [16] Animal model studies have also confirmed its potential role in the initiation of labor. 17, 18 However, it is premature to state that p38 MAPK is the key mediator of parturition based on its activation in chorioamniotic membranes to various stimuli.
To examine the role of p38 MAPK, we conducted a systematic review of the literature. Our objectives are to (a) identify reports on p38 MAPK-associated function changes in human and animal reproductive tissues, (b) determine the mechanistic roles of p38 MAPK in human and animal reproductive tissues, and (c) determine the knowledge gaps in the functional role of p38 MAPK in human and animal reproductive tissues. Understanding the role of p38 MAPK in normal term pregnancies can provide insights into pathologic activation of its pathways that can cause adverse pregnancies. We expect that this systematic review will further characterize the role p38 MAPK plays in the initiation of labor, both at term and preterm, and lead to a better design and conduct of future experiments.
| ME THODS
This systematic review was written following the standards set by the MOOSE group and PRISMA statements and was registered in 
| Search methods for identification of studies
Articles for this systematic review were published between January 1980 and August 2017 in English and came from 4 databases: Web 
| Search strategy
Our research strategy was designed to fill the knowledge gap of p38
MAPK's role in the intrauterine compartments (placenta, chorioamniotic membranes, decidua, myometrium, and cervix) after implantation and through delivery (See Appendixes S1-S3 for full details of the search).
| Selection criteria

| Types of studies
This review is restricted to studies focusing on p38 MAPK in humans and all animal models of pregnancy. Original research studies selected investigated p38 MAPK in various intrauterine compartments (placenta, chorioamniotic membranes, decidua, myometrium, and cervix) after implantation and during pregnancy and parturition.
Studies were excluded if they were not related to p38 MAPK, not related to reproductive tissue, if they were review articles, if they had a below average quality score, or if no full text was available online (published as an abstract only) or the full text was not available from authors upon request.
| Types of participants
This review included studies that collected samples from female patients at full term gestation (≥37 weeks) who were either in labor or not in labor at the time of specimen collection for assay and analysis.
Studies were also included if results were solely related to patients with preterm labor and delivery (both spontaneous and induced), chorioamnionitis, or studies that utilized cell lines from gestational tissues. Any age or patient ethnicity was included. Animal studies, including samples collected during and at the end of term or preterm birth studies, were also included.
| Types of outcome measures
This study measured p38 MAPK's function and mechanistic role during pregnancy and parturition in human and animal models.
Included studies assessed (a) changes in p38 MAPK RNA or protein expression, (b) its activators and repressors, (c) the mechanisms of activation or inactivation, and (d) biological pathways impacted in response to changes in p38 MAPK's function (Table 1) .
| Data collection and analysis
| Selection of studies
All articles identified through the search strategy mentioned above were downloaded into a common folder, and duplicate articles were removed. Two authors (L.R., S. S-M.) independently screened the titles and abstracts, removing reviews and nonrelevant articles, and selecting those that were potentially appropriate for full-text analysis.
| Data extraction
A data extraction form was created, and information from the articles was collected including primary author, year and journal of publication, tissue, type of study, methods, inhibitor and isoform information, relevance to parturition, and key findings about p38 MAPK. Four authors (L.R., S. S-M., L.M, and J.J.) independently collected data from the articles, discussed their findings, and created a single document containing all article information (Table 1) .
| Quality assessment
No quality assessment tool for systematic reviews has been well defined for basic science research. Hence, we followed the guidelines outlined by Hadley et al, 19 which specified criteria for qual- 
| Data synthesis
Based on our data extraction from all included articles, we present a better comprehensive understanding of p38 MAPK's role throughout pregnancy in the intrauterine cavity (placenta, chorioamniotic membranes, decidua, myometrium, and cervix) of human and animal models. We also present the overlapping and unique functions of p38 MAPK in each of these tissues. 
| RE SULTS
| Main characteristics of studies
The main characteristics and findings of the included studies are summarized in Table 1 . Studies included in this systematic review discussed p38 MAPK function or mechanism of action in either the placenta, chorioamniotic membranes, decidua, myometrium, or cervix and various combinations of the gestational tissues ( Figure 4A ).
Over the past 37 years, only 1 report (Wang et al) studied p38 MAPK expression, but not its function, in cervical tissues. ( Figure 4E) . Surprisingly, no studies used p38 MAPK siRNA, leaving
| Methods used for p38 MAPK function
19 of the studies in this systematic review to be mostly observational.
| Quality assessment
The reports evaluated for this review are basic science or research laboratory-based studies, and no reference criteria exist to assess quality. However, based on the reported standards of quality assessment, we used a quality assessment tool established by Hadley, et al, 19 which ranks articles by quality for each of the included articles (Appendix S3). Based on the criteria described in methods sec- TA B L E 1 (Continued) quality, and 11 as below average quality. During the quality assessment, additional articles were identified that did not meet our inclusion criteria outlined in the methods (Not related to pregnancy or pregnancy timeline (9) , Not related to p38 MAPK (11), Review articles (1), and No full text available (2)) and were removed prior to the final analysis. Table 1 , various gestational tissue types were studied as follows: placenta (27) , chorioamniotic membranes (14), decidua (8), myometrium (13) , and cervix (1).
| Main findings
Upon review, these reports suggested that p38 MAPK plays a role in gestation, specifically decidualization and trophoblast differentiation and invasion (28) ; parturition (21); adverse pregnancy outcomes like preterm birth, related and not related to infection (10); and myometrial quiescence or activation (8) ( Figure 4F ). All of these studies were carried out in vitro (cell culture or tissue explants) using human derived samples (65);
however, some studies were carried out in vivo using rodent models (9) . Table 2 ).
The cervix, 10 ovaries, 22 placental arteries, 23 and umbilical cord stromal cells 24 were understudied based on our review. Additionally, we did not examine vaginal expression of p38 MAPK as a part of this study. Tissue type breakdown and findings are discussed below.
| Placenta
In studies related to placental cells, p38 MAPK was activated by hypoxia, LPS, and hydrogen peroxide [25] [26] [27] [28] [29] [30] [31] [32] leading to the stimulation of cell fate pathways like cell survival 21, 25, [31] [32] [33] [34] [35] [36] [37] [38] [39] (Table 2) . The activation and function of p38 MAPK in the placenta was documented in villous explants and primary and immortalized cytotrophoblasts cells.
Other p38 MAPK functions reported in placenta include cytotrophoblast differentiation and invasion during early gestation. 29, 31 or promoted cytotrophoblast proliferation. 36 Besides hypoxia, p38 MAPK activation is also associated with hCG and leptin production in cytotrophoblast. 35, 38 p38 MAPK is also reported to enhance placental immune response in vitro in inflammation models, 27 causing cytokine 30 and uterotonin production 28, 47 at term and preterm parturition. Jiang 
| Chorioamniotic membranes
Studies on p38 MAPK's role in chorioamniotic membranes have mostly been studied in association with parturition (Table 2) , partly due to the impracticality of obtaining chorioamniotic membranes (chorioamniotic membranes) during gestation until after delivery.
Placental studies have overcome this limitation by using placenta from aborted fetuses; however, membrane researchers have not attempted such early studies, thus creating a black box regarding p38 MAPK's function during formation, development, remodeling,
Main findings of p38 MAPK systematic review. The most studied tissue for p38 MAPK was the placenta, followed by the chorioamniotic membranes, myometrium, decidua, and cervix. A, The role of p38 MAPK in reproductive tissues has been studied predominantly in humans. B, Of the methods used, Western blot was the most commonly used technique to investigate total p38 MAPK and its phosphorylated (active) form. C, p38 MAPK has 4 different isoforms, and isoform expression is tissue specific. The majority of the studies in our review did not document the isoform studied. Among the reported ones, isoform α is the dominant isoform. Pharmaceutical inhibitors are also directed toward p38 MAPKα. D, The majority of inhibitors of p38 being tested and reported are pharmaceutical compounds (SB203580, SB202190). Small interfering RNAs were used in a few reports. Interestingly, some studies reported p38's function without scientific rigor by having inhibitors in experimental models. E, The role of p38 MAPK has been studied during multiple stages of pregnancy.
Its role in gestational stages other than term or preterm was the most studied 
| Myometrium
The role of p38 MAPK in maintaining myometrial quiescence and inducing contractions was reported using primary and immortalized 71 Willets et al validated these findings using bradykinin, a potent proinflammatory peptide involved in infection-induced inflammation (to mimic preterm labor), to induce p38 MAPK signaling.
65
Though cyclic adenosine monophosphate (cAMP) is documented as a muscle relaxant 64 , it has been shown to perform dual roles in myometrial activation and quiescence through p38 MAPK. Two reports have identified cAMP-mediated activation of p38 MAPK, 64, 72 which in turn induces corticotropin-releasing hormone secretion and COX-2 expression; both are key components of labor initiation pathways. 64, 72 These reports suggest p38 MAPK dependency of cAMP's dual role in myometrial quiescence and activation.
In the myometrium, p38 MAPK activation induces a proinflammatory environment associated with parturition, and inhibition of p38 MAPK maintains myometrial quiescence. However, there are no current reports on potential interventions for preterm labor that inhibit p38 MAPK activation or function in the myometrium.
| D ISCUSS I ON
Our systematic review documents p38 MAPK as a key intermediate kinase responsible for regulating signaling cascades during implantation, pregnancy, and parturition. These processes included decidualization, myometrial activation during parturition, placental growth, cervical ripening, and parturition at term and preterm. Our Though our reports document p38 MAPK's role in many intrauterine tissues during pregnancy and parturition, we also identified several knowledge gaps that need to be filled through future research. The most commonly reported downstream function of p38 MAPK, regardless of tissue, was activation of proinflammatory cytokines; however, the pathways by which p38 MAPK induces inflammatory activation are still unclear. Interestingly, NF-κB activation by p38 MAPK is well reported in various other systems, [73] [74] [75] but this mechanism was not reported in any of the uterine tissues in this review. It has been shown that p38 MAPK causes placental PRA-PRB ratio switch to favor progesterone-PRA mediated action, a well-known proinflammatory mechanism. The role of p38 MAPK as a mediator of functional progesterone withdrawal in the myometrium, where this ratio switch is considered a prerequisite for labor initiation, [76] [77] [78] has not yet been reported.
p38 MAPK exists in 4 isoforms-alpha, beta, gamma, and deltawith tissue-specific functions. Isoform-specific function of p38 MAPK in reproductive tissues has yet to be fully elucidated, making it difficult to determine the exact functional form of p38 MAPK in a given cell. The gamma isoform may have a role in myometrial function as it is known to be expressed in muscle tissues 79 while the delta isoform might play a role in brain development. The knowledge of isoform function is essential in designing molecules that can inhibit p38 MAPK function to avoid any deleterious effects caused by its premature activation.
Knowledge gaps still exist in p38 MAPK's role in placental growth and development and fetal membrane collagen and cellular remodeling during gestation. Additionally, cervix, ovaries, placental arteries, and umbilical cord stromal cells were understudied based on our review. Immediate research attention is needed in understanding the functional and mechanistic role of p38 MAPK in these tissues during pregnancy and parturition.
| CON CLUS ION
p38 MAPK is a multifunctional signaling kinase. It is a responder to stress stimuli performing various pleiotropic functions ranging from maintenance of cellular homeostasis to contributing to cellular dysfunction, depending on the tissue environment. p38 MAPK helps to maintain pregnancy and promote parturition, and its untimely acti- 
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